MicroRNAs (miRNAs) are endogenous antisense regulators that trigger endonucleolytic mRNA cleavage, translational repression, and/or mRNA decay. miRNA-mediated gene regulation is important for numerous biological pathways, yet the underlying mechanisms are still under rigorous investigation. Here we identify human UPF1 (hUPF1) as a protein that contributes to RNA silencing. When hUPF1 is knocked down, miRNA targets are upregulated. The depletion of hUPF1 also increases the off-target messages of small interfering RNAs (siRNAs), which are imperfectly complementary to transfected siRNAs. Conversely, when overexpressed, wild-type hUPF1 downregulates miRNA targets. The helicase domain mutant of hUPF1 fails to suppress miRNA targets. hUPF1 interacts with human Argonaute 1 (hAGO1) and hAGO2 and colocalizes with hAGO1 and hAGO2 in processing bodies, which are known to be the sites for translational repression and mRNA destruction. We further find that the amounts of target messages bound to hAGO2 are reduced when hUPF1 is depleted. Our data thus suggest that hUPF1 may participate in RNA silencing by facilitating the binding of the RNA-induced silencing complex to the target and by accelerating the decay of the mRNA.
Small RNAs such as microRNAs (miRNAs) and small interfering RNAs (siRNAs) regulate gene expression through processes that are collectively referred to as RNA silencing (4, 36, 59, 69) . miRNAs and siRNAs act as the specificity components of the effector complex known as the RNA-induced silencing complex (RISC). In humans, RISC is generated by several proteins, including Argonaute proteins, Dicer, TRBP (human immunodeficiency virus type 1 TAR RNA-binding protein), and PACT (23, 24, 41) . The Argonaute proteins are the core components of RISC and directly bind to small RNA. There are four Argonaute proteins in humans (12) . Human Argonaute 2 (hAGO2) can directly catalyze target mRNA cleavage (47) and mediate translational repression, while the biochemical roles of other Argonautes remain unclear.
Small RNAs base pair with the target mRNAs, usually resulting in suppressive effects. Complementarity at nucleotide positions 2 to 7 (referred to as "seed" sequences) relative to the 5Ј end of small RNA is critical for suppression. Small RNAs can direct endonucleolytic cleavage of a single phosphodiester bond between positions 10 and 11 of the paired bases (relative to the 5Ј end of the small RNA) if the complementarity is high throughout the length. If the complementarity between the target and small RNA is low, particularly in the middle of the RNA duplex, the interaction would induce translational repression. The mechanism of this translational repression remains elusive, and other mechanisms acting downstream of the initiation step have been proposed (19, 62) .
Studies have also revealed that small RNAs bearing partial mismatches can induce not only translational repression but also mRNA decay. miRNAs, including miR-1, miR-124a, miR125a, let-7, and miR-430, affect the levels of their mRNA targets (2, 3, 5, 8, 16-18, 22, 46, 53, 64, 72, 73) . Furthermore, experimentally introduced siRNAs facilitate the reduction of not only perfectly matching targets ("on-targets") but also other mRNAs with imperfect complementarity ("off-targets") (34) . The off-target effect induced by siRNA is thought to be mechanistically similar, if not identical, to miRNA-induced mRNA decay (7, 11, 55) . The off-target effects are highly problematic in gene knockdown experiments, particularly when their use in clinical applications is contemplated. Recent studies have highlighted the significance of cytoplasmic foci called processing bodies (P bodies) in RNA silencing (15, 20, 57) . P bodies (also termed XRNI foci, GW bodies, or Dcp bodies) contain a number of proteins involved in posttranscriptional regulation: XRN1 (a 5Ј33Ј exonuclease), GW182/TNRC6 proteins (AIN-1 in nematodes), DCP2 (decapping enzyme), DCP1 (decapping enzyme subunit), Ge-1/ Hedls (decapping coactivator), Pat1 (decapping coactivator), Lsm1 to -7 (decapping coactivator complex), RCK/p54 (decapping coactivator and translation regulator), the CCR4-CAF1-NOT complex (deadenylating enzyme), nonsense-mediated decay factors, and the Argonaute proteins. Due to their protein composition, P bodies are thought to be the sites for mRNA destruction and to be involved in RNA silencing (9, 30, 60, 66) . Consistently, the presence of miRNA target messages as well as the Argonaute proteins in P bodies is miRNA dependent (49) . Moreover, the well-known P body component GW182 was shown to be significant for miRNA-dependent gene silencing (5, 10, 48, 61) .
Global mRNA decay factors are generally conserved among eukaryotes, but the actual decay mechanisms of the pathways vary considerably (57) . In mammals, global decay of mRNA usually begins with deadenylation mediated by the CCR4-CAF1-NOT complex. Following deadenylation, the mRNA can be rapidly degraded from the 3Ј end by the exosome. In addition, deadenylated mRNA molecules are decapped by DCP2 and exonucleolytically degraded in a 5Ј33Ј direction by XRN1.
Nonsense-mediated mRNA decay (NMD) is a specialized decay process that eliminates aberrant transcripts containing premature termination codons (PTCs), thereby preventing the production of potentially harmful protein fragments (32) . NMD is triggered by a premature translation termination event, which leads to the assembly of the surveillance complex on the mRNA. The surveillance complex comprises UPF1, UPF2, UPF3, and four additional NMD factors (SMG1 and SMG5 to SMG7). The detailed mechanism of the assembly of the NMD effectors is not fully understood and varies among species. It is generally thought that, in humans, the UPF complex interacts with the terminating ribosome via eRF1 and eRF3. These interactions are stimulated by the exon junction complex bound downstream of the stop codon (15, 32) or can be inhibited by antagonistic factors such as the cytoplasmic poly(A)-binding protein (PABPC1) (33, 67) . The UPF complex then elicits both decapping and deadenylation, but the relative contribution of each pathway has not been estimated (44) . Recent studies have also shown that the surveillance complex can induce endonucleolytic cleavage near the PTC and that SMG6 is the endonucleolytic enzyme responsible for this cleavage (14, 29) .
Small RNA-induced mRNA decay is another specialized decay pathway. It was indicated that deadenylation takes place during the degradation of miRNA targets, although deadenylation appears not to be absolutely required for silencing (17, 22, 73) . Decapping and 5Ј-to-3Ј exonucleolytic activities also contribute to the decay of miRNA targets (3, 63, 73) . The factors involved in this pathway were most intensively studied in Drosophila melanogaster. Drosophila AGO1, the deadenylation complex CCR4-NOT, and the decapping complex DCP1-DCP2 are required for miRNA-induced mRNA decay (5) , and the requirement for decapping coactivators in this pathway of Drosophila was target specific (18) .
In this study, we find that human UPF1 (hUPF1), an NMD factor, is involved in small RNA-induced mRNA decay. The decay of miRNA targets is compromised when hUPF1 is knocked down. When overexpressed, hUPF1 downregulates miRNA targets. Furthermore, hUPF1 interacts with the Argonaute proteins and colocalizes with the Argonaute proteins in P bodies.
MATERIALS AND METHODS
Plasmid construction. The cDNAs of Argonaute genes were amplified by PCR and subcloned into the Flag-pCK vector at the EcoRI and NotI sites. Primer sequences used for PCR are as follows: hAGO1, 5Ј-GAA TTC TGA TGG AAG CGG GAC CCT CGG-3Ј (forward) and 5Ј-GCG GCC GCT CAA GCG AAG TAC ATG GTG CGC-3Ј (reverse); hAGO2, 5Ј-GAA TTC GCA TGG GTG TTC TCT CTG C-3Ј (forward) and 5Ј-GCG GCC GCT CAA GCA AAG TAC ATG GTG CG-3Ј (reverse). The 3Ј untranslated region (UTR) fragments that include miR-124a target sites were cloned into the XbaI site of the pGL3-CMV vector to generate the luciferase expression plasmids FL-IQGAP1 (also designated pGL3-CMV-IQGAP1-3Ј UTR) and FL-CD164 (also designated pGL3-CMV-CD164-3Ј UTR). The primers used to amplify the UTRs are as follows: IQGAP1-3Ј UTR, 5Ј-TCT AGA CAA TTC ACT CCA TCC CTA TGG C-3Ј  (forward) and 5Ј-TCT AGA GGC TCA GCA GCA TGA TTT CA-3Ј (reverse);  CD164-3Ј UTR, 5Ј-TCT AGA AAT AAG ATG CCA CAC AAG GAA CTA   CA-3Ј (forward) and 5Ј-TCT AGA AAT GTG AGG TAA ACC GAC CTT  TCC-3Ј (reverse) .
Cell culture and transfection. HeLa cells and HEK293T cells were cultured in Dulbecco's modified Eagle's medium (WelGENE) supplemented with 10% fetal bovine serum (WelGENE). Transfections of HEK293T cells were carried out using the calcium phosphate method. Plasmid transfections of HeLa cells for quantitative reverse transcription-PCR (qRT-PCR) were performed twice during the first 2 days (on the first day and the second day) using Metafectene (Biontex), and total RNAs were isolated on the fourth day.
RNAi. HeLa cells were cotransfected with 20 nM of miR-124a RNA duplex or siRNA against green fluorescent protein (siGFP) and with 60 nM siGFP, siUPF1, or siUPF2. Seventy-two hours later, Northern blot analysis was performed. For analysis of endogenous miRNA targets, HeLa cells were treated with siGFP, siUPF1, or siAGO2 on the first day and the third day and the cells were harvested on the fourth day. Lipofectamine 2000 (Invitrogen) was used for the transfections. RNA interference (RNAi) for Argonaute proteins was carried out as follows. HeLa cells were transfected with 100 nM concentrations of siRNA against luciferase (siLuc), siAGO1, siAGO2, siAGO3, or siAGO4. Thirty hours later, cells were retransfected with 30 nM of miR-124a RNA duplex. Northern blot analysis was performed after an additional 40 h. RNAiFect (Qiagen) was used for transfection. miRNA mimics and siRNAs were synthesized by Samchully Pharmaceuticals. The miR-124a and miR-124a-m RNA duplex sequences, which were annealed, are as follows: miR-124a, 5Ј-UUA AGG CAC GCG GUG AAU GCC A-3Ј (guide) and 5Ј-GCA UUC ACC GCG UGC CUU AAU U-3Ј (passenger); miR-124a-m, 5Ј-UAA GCG ACG CGG UGA AUG CCA-3Ј (guide) and 5Ј-GCA UUC ACC GCG UCG CUU AAU U-3Ј (passenger). Sequences of the functional strands of siRNAs are 5Ј-UCG AAG UAC UCA GCG UAA G-3Ј (siLuc), 5Ј-UUC UUG AGC ACC UCU UCU CUU-3Ј (siAGO1), 5Ј-CAU CAG AAU GUU CAA GGC U-3Ј (siAGO2), 5Ј-UUA CCA AUC UGC UAA UUU C-3Ј (siAGO3), 5Ј-AUU GCU AUU AGU UCU GGC C-3Ј (siAGO4), 5Ј-UGA AUU AGA UGG CGA UGU U-3Ј (siGFP), 5Ј-UGG AGC GGA ACU GCA UCU U-3Ј (siUPF1-1), 5Ј-GGC UUU UGU CCC AGC CAU C-3Ј (siUPF2-1), 5Ј-AAU GGA GCG GAA CUG CAU C-3Ј (siUPF1-3), 5Ј-UUC AGA UGG ACU UCC GUG C-3Ј (siAGO2-1), 5Ј-AAC CGC AGU UCU CUG UAG G-3Ј (siRNA duplex against mitogen-activated protein kinase 14 [siMAPK14]), 5Ј-UUU UUG GAA CAG UCU UUC C-3Ј (siPPIB-1), and 5Ј-UUU GUA GCC AAA UCC UUU C-3Ј (siPPIB-2). An additional set of RNAs (stealth siRNAs) were designed to target different sites on the transcripts of hUPF1, hUPF2, and hUPF3b and were purchased from Invitrogen. The sequences of the functional strands are 5Ј-UUG CCC ACA AUG AUG ACG CCA UAC C-3Ј (siUPF1-2), 5Ј-AAU AAC AGC UGA UUC CAC CAU UCG G-3Ј (siUPF2-2), and 5Ј-AAU UCU ACU AUA GCG GGA UAU UCC U-3Ј (siUPF3b-2). The negative control (siCtrl) was the Stealth RNAi-negative control duplex (Invitrogen; Medium GC duplex).
Northern blot analysis of mRNAs. Total RNA was isolated from transfected HeLa cells using TRIzol reagent (Invitrogen), separated on denaturing formaldehyde agarose gels (13 g per well), and blotted onto Zeta-probe membranes (Bio-Rad). 32 P-labeled probes were generated by the Prime-It random primer labeling kit (Stratagene) using PCR products as the templates. After the membrane was incubated for 40 min at 68°C in prehybridization solution (Express hybridization solution; Clontech), hybridization was carried out for 80 min at 68°C. Membranes were washed twice for 45 min at room temperature in washing solution ⌱ (2ϫ SSC [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 0.05% sodium dodecyl sulfate) and then twice for 30 min at 50°C in washing solution II (0.1ϫ SSC, 0.1% sodium dodecyl sulfate).
Luciferase assay. HeLa cells cultured in 12-well plates were cotransfected with 100 ng of pCMV-firefly luciferase reporter (pGL3-CMV-IQGAP1 3Ј UTR or pGL3-CMV-CD164 3Ј UTR), 20 ng of pRL-CMV Renilla luciferase, 10 nM of miRNA duplex, and 40 nM of siUPF1, siUPF2, siUPF3b, or siCtrl (Invitrogen). Lipofectamine 2000 (Invitrogen) was used for the transfections, which were performed in duplicate. Forty-eight hours later, cells were lysed and assayed for luciferase activity using the Dual-Luciferase reporter system (Promega). All firefly luciferase activities were normalized against Renilla luciferase activities.
qRT-PCR. The comparative threshold cycle method with SYBR green was conducted with the 7300 real-time PCR system (Applied Biosystems). For mRNA detection, the following primers were used: p27, 5Ј-TCC GGC TAA CTC TGA GGA CAC-3Ј (forward) and 5Ј-TGT TTT GAG TAG AAG AAT CGT CGG T-3Ј (reverse); Hmga2, 5Ј-CTG CTA TAC ACA AGC AAT GCA AG-3Ј (forward) and 5Ј-GTA AGG AGA TTG CTT CTT TAA CTG-3Ј (reverse); DnaJb11, 5Ј-AAT TTG TCC ATT TGC ATT CG-3Ј (forward) and 5Ј-TTT GCT CCT GGA GTC CTC TT-3Ј (reverse); GAPDH (glyceraldehyde-3-phosphate dehydrogenase), 5Ј-ACC CAG AAG ACT GTG GAT GG-3Ј (for-ward) and 5Ј-CAG TGA GCT TCC CGT TCA G-3Ј (reverse). qRT-PCR was performed on technical triplicates and biological triplicates.
Isolation of hAGO2-associated RNA. HeLa cells grown in 10-cm dishes were treated twice with siGFP or siUPF1 on the first day and the third day. The cells were harvested on the fifth day. Plasmids were transfected twice into HeLa cells (on the first day and the second day) using Metafectene (Biontex), and the cells were harvested on the fourth day. The harvested cells were lysed and immunoprecipitated as previously described (6, 71) . Anti-hAGO2 antibody (4G8) was used for immunoprecipitation (IP). RNA was isolated using TRIzol reagent (Invitrogen) from the immunoprecipitates or 5% of the lysates used for IP (as input). The purified RNA was analyzed by qRT-PCR. IP was performed in duplicate.
IP Immunofluorescence. For immunofluorescence analysis, HeLa cells were grown on glass coverslips in six-well plates and cotransfected with a myc-hUPF1 expression plasmid and a V5-tagged Argonaute protein expression plasmid using Lipofectamine 2000. Forty-eight hours after transfection, the cells were fixed using 2% formaldehyde in phosphate-buffered saline (PBS) for 30 min, washed with PBS, and permeabilized in PBS containing 0.1% Triton X-100 for a further 15 min. After several washes, the cells were saturated with 4% bovine serum albumin in PBS for 30 min and then immunostained for 2 h with rabbit anti-V5 tag antibody (1:500 dilution; Sigma), human anti-GW182 serum (18033 serum; 1:600 dilution), and mouse anti-myc antibody 9E10 (1:40 dilution) in PBS containing 4% bovine serum albumin as a blocking agent. Subsequently, the cells were washed with PBS and incubated for 1 h with secondary antibodies Alexa Fluor 647-goat anti-human immunoglobulin G (IgG) (1:400 dilution), Alexa Fluor 488-goat anti-mouse IgG (1:400 dilution), and Alexa Fluor 594-goat anti-rabbit IgG (1:400 dilution). Cells were visualized using the 40ϫ objective of a confocal microscope.
Northern blot analysis of miRNAs. RNA was resolved on a 12.5% ureapolyacrylamide gel and transferred electronically to a Zeta-probe membrane (Bio-Rad) as previously described (40) . An oligonucleotide complementary to miR-222 or let-7a was end labeled with [␥- 
RESULTS
Knockdown of hUPF1 upregulates the targets of a miR-124a mimic. In an attempt to identify the factors required for small RNA-induced mRNA decay, we depleted various mRNA decay factors by transfecting siRNAs into HeLa cells. The siRNAs were cotransfected with miR-124a, which is known to reduce the CD164 and IQGAP1 mRNAs (46) . The 3Ј UTRs of CD164 and IQGAP1 contain multiple sites that can partially base pair with miR-124a (see Fig. S1A in the supplemental material). Following transfection, the levels of mRNAs were determined by Northern blotting. Consistent with a previous report (46) , both the CD164 and IQGAP1 mRNAs were reduced specifically when an miR-124a RNA duplex was transfected (Fig. 1A, lanes 1 and 2) . When an RNA duplex (miR124a-m) that carries mutations in the seed region of the miRNA was used as a negative control, no significant effect on the target mRNA levels was observed (see Fig. S1A in the supplemental material).
In this small-scale screening for mRNA decay factors, we found that the CD164 and IQGAP1 mRNAs accumulate when siUPF1-1 was transfected (Fig. 1A, lane 4 ; see the right panel for quantitation). siUPF2, siY14, siXRN1, siCCR4, siPARN, and siTTP did not significantly affect the decay of the IQGAP1 and CD164 mRNAs ( Fig. 1A; see Fig. S1B in the supplemental material; data not shown). The knockdown of hUPF1 and hUPF2 was confirmed by RT-PCR (Fig. 1A, lanes 7 to 12) . We observed similar effects on the IQGAP1 and CD164 mRNAs when we used a separate set of siRNAs that are complementary to distinct sites of hUPF1 and hUPF2 mRNAs (siUPF1-2 and siUPF2-2) (data not shown). Notably, knockdown of hUPF2 failed to derepress miRNA targets ( Fig. 1A ; see Fig. S1B in the supplemental material), suggesting that hUPF1, but not hUPF2, plays a role in small RNA-induced mRNA decay.
To exclude the possibility that inefficient knockdown of hUPF2 explains this observation, we examined whether knockdown of hUPF2 increases a known NMD substrate. For this, we transfected siRNAs and a well-known NMD reporter (GlNorm or Gl-Ter) (37, 74) into HeLa cells and then measured mRNA levels by Northern blotting (see Fig. S1C in the supplemental material). MUP was used as an internal control (37). We found that both siUPF1 and siUPF2 can efficiently upregulate the nonsense-containing NMD reporter Gl-Ter (39Ter). This indicates that hUPF2 knockdown in our experiment was sufficient to suppress NMD but not small RNA-induced mRNA decay. Thus, the observed effect on the miRNA targets, CD164 and IQGAP1 (Fig. 1A) , is unlikely to be a consequence of NMD.
If hUPF1 is directly involved in the small RNA pathway, it is expected that hUPF1 would be dependent on miRNA target sites for the regulation of the mRNAs. To test this possibility, we generated firefly luciferase reporters containing the 3Ј UTRs of CD164 or IQGAP1 and determined the expression of the reporter genes relative to that for control groups lacking the 3Ј UTRs of the targets ( Fig. 1B; see Fig. S2A in the supplemental material). HeLa cells were transfected with these reporters along with either miR-124a or control RNA (miR124a-m) (Fig. 1B) . A Renilla luciferase construct was cotransfected as an internal control. Depletion of hUPF1 compromised miR-124a-induced inhibition of luciferase expression (Fig. 1B) . This set of siUPF1-2, siUPF2-2, and siUPF3b-2 was effective, as examined by RT-PCR (Fig. 1B, lanes 1 to  4) . Similar results were obtained when different siRNAs (siUPF1-1 and siUPF2-1) were used instead in this experiment (data not shown). Knockdown of hUPF1 did not affect the expression of a reporter lacking the target sites (firefly luciferase) (see Fig. S2B in the supplemental material) . Moreover, we could observe the upregulation of the miRNA reporter specifically when wild-type miR-124a, but not the mutant miR-124a (miR-124a-m), was introduced (see Fig. S2C in the supplemental material). Taken together, these data indi- cate that hUPF1 directly participates in miRNA-induced mRNA decay through the miRNA target sites. hUPF1 is involved in the silencing of siRNA off-targets. In order to test whether hUPF1 has a general role in RNA silencing, we next employed siRNA instead of miRNA. siMAPK14 was transfected into HeLa cells, and Northern blot analysis was performed to detect the MAPK14 mRNA (containing one perfect target site) and the RPA2 mRNA (harboring two imperfect target sites) (34) . siMAPK14 could downregulate both MAPK14 mRNA (on-target) and the RPA2 mRNA (off-target) (Fig. 2A, compare lanes 1 and 2) . When hUPF1 was depleted, the RPA2 mRNA was derepressed while the MAPK14 mRNA was only slightly increased ( Fig. 2A, lane 3) .
To further confirm the effect of hUPF1 depletion on RNAi, we transfected two kinds of siRNAs, both of which perfectly match the PPIB mRNA (Fig. 2B) . We found that the knockdown of hUPF1 did not affect the PPIB mRNA (on-target), although hAGO2 knockdown impaired RNAi under the same condition (Fig. 2B) . This result suggests that hUPF1 is required for the decay of imperfectly matching off-targets but may not be involved in endonucleolytic cleavage of the ontarget of siRNA.
hUPF1 is required for the downregulation of endogenous miRNA targets. Because exogenous small RNAs were used in the experiments above, we next asked if hUPF1 is necessary for endogenous miRNAs to suppress their targets. For this, we monitored the levels of known miRNA targets in hUPF1-depleted HeLa cells. siAGO2 was used as a positive control. qRT-PCR was carried out to determine the levels of the Hmga2, p27, and DnaJb11 mRNAs, which are known to be targeted by endogenous miRNAs let-7, miR-222, and miR-29b, respectively (6, 39, 42, 45, 51) . We found that these targets were increased when hUPF1 or hAGO2 was knocked down (Fig. 3A, left) . Similar results were obtained when a different siUPF1, siUPF1-3, was used (Fig. 3A, middle) . RT-PCR confirmed the knockdown of hUPF1 and hAGO2 (Fig. 3A, lanes  1 to 5) . To exclude the possibility that the accumulated mRNAs contained PTCs, we determined the level of p27, a target of miR-222. Western blotting shows that knockdown of (Middle) Luciferase assay using the UTR reporter constructs. HeLa cells were cotransfected with the FL reporter construct, the Renilla luciferase (RL) plasmid, and siUPF1-2, siUPF2-2, siUPF3b-2, or siCtrl together with either miR-124a or miR-124a-m. FL activity was normalized against RL activity. The relative expression in the presence of miR-124a was again normalized against the activity determined in the presence of miR-124a-m (n ϭ 2; means Ϯ SD). (Right) RT-PCR to confirm the knockdown of UPF1, UPF2, and UPF3. A paired one-tailed t test was used to calculate the P values for Northern blotting and the luciferase assay ( *** , P Ͻ 0.01; ** , P Ͻ 0.05; * , P Ͻ 0.1). hUPF1 increases the level of the full-length p27 protein (Fig.  3B ). This result indicates that the accumulated mRNAs are functional transcripts, not PTC-containing NMD substrates. Interestingly, we found that the level of p27 is upregulated by ϳ2.4-fold (Fig. 3B) , while the level of p27 mRNA is increased by ϳ1.5-fold (Fig. 3A) . This suggests that hUPF1 may also contribute to translational repression to some extent. This is consistent with recent findings that hUPF1 is an inhibitor of translational initiation (31) and termination (33) . We next asked if overexpression of hUPF1 has any effects on the downregulation of target mRNAs. For this, the hUPF1 expression plasmid was transfected into HeLa cells and the Hmga2, p27, and DnaJb11 mRNA levels were measured by qRT-PCR (Fig. 3C) . As expected, the expression of hUPF1 resulted in the reduction of the miRNA targets, again in support of a role of hUPF1 in RNA silencing. We also expressed a hUPF1 mutant harboring a mutation in the helicase domain (R844C) to a level comparable to that of the wild type (68) . The R844C mutant did not significantly change the target mRNA levels (Fig. 3C) . Therefore, the helicase domain may be required for the function of hUPF1 in the downregulation of miRNA targets. The requirement for the active helicase domain of hUPF1 suggests an active role for hUPF1 in the mRNA decay process.
hUPF1 interacts with the Argonaute proteins and localizes in P bodies. In an attempt to understand how hUPF1 may act in the miRNA pathway, we examined whether hUPF1 interacts with the Argonaute proteins. Flag-tagged hAGO1 or hAGO2 was coexpressed with myc-tagged hUPF1 in HEK293T cells and was immunoprecipitated with anti-Flag antibody. Western blotting showed that hUPF1 was coprecipitated with both hAGO1 and hAGO2 (Fig. 4A, lanes 6  and 7) . Flag-tagged hUPF3b was used as a positive control for interaction with hUPF1 because hUPF1 and hUPF3b are well-known binding partners in the NMD pathway (Fig. 4A,  lane 8 ). hAGO1 and hAGO2 interacted with hUPF1 even in the presence of RNase A (Fig. 4A, lanes 10 to 12) , whereas the interaction with hnRNP A1 was disrupted by RNase A treatment. Thus, the Argonaute proteins may bind to hUPF1 through a protein-protein interaction. Notably, hAGO1 and hAGO2 were not precipitated with Y14, the key component of the exon junction complex, which interacts with NMD factors (Fig. 4A, lanes 10 and 11) . hUPF3b is associated with Y14 (Fig. 4A, lane 12) , while no significant interaction between hUPF3b and the RISC components was found (Fig. 4A, lanes 8 and 12, and data not shown) . These results indicate that the hUPF1-RISC complex may constitute a distinct protein interaction module that is separable from the module involved in the NMD pathway, which consists of hUPF1, hUPF3, and Y14. When the tagging was changed to express Flag-hUPF1 and V5-hAGO2, FlaghUPF1 still interacted with a V5-tagged hAGO2 (Fig. 4B,  lane 6 ). Flag-tagged TRBP was used as a control for the interaction with hAGO2 and hDicer (Fig. 4B, lane 5) .
We further tested the interactions between endogenous RNA decay factors by precipitating endogenous complexes using a monoclonal anti-Argonaute antibody and a goat polyclonal anti-hUPF1 antibody. The anti-Argonaute antibody precipitated hUPF1 as well as hDicer and TRBP (Fig. 4C, lane 3) . The anti-hUPF1 antibody precipitated the Argonautes and, to a lesser extent, hDicer and TRBP (Fig. 4C, lane 5) . These data suggest that hUPF1 may interact with RISC components to modulate RNA silencing.
Since Argonaute proteins have been shown to localize to P bodies (49, 65) and hUPF1 was also found in cytoplasmic bodies when coexpressed with other NMD factors such as SMG-5 and SMG-7 (21, 70), we examined the localization of hUPF1 in comparison with that of the Argonaute proteins. When expressed alone in HeLa cells, hUPF1 was dispersed in the cytoplasm (Fig. 5, top row) as previously observed by others (21, 70) . However, when coexpressed with hAGO1 or hAGO2, hUPF1 colocalized with hAGO1 or hAGO2 in P bodies (Fig. 5) , suggesting that the RISC may recruit hUPF1 into P bodies. We then expressed hUPF1 along with a mutant hAGO1 (hAGO1-⌬N513) missing the N-terminal half. This mutant failed to enter P bodies because it lacks the PAZ domain, which is required for P body localization (49) . This mutant was unable to direct hUPF1 to P bodies (Fig. 5) , although it can still interact with hUPF1 (see Fig. S3 in the supplemental material). Coexpression of the hAGO2 N terminus mutant (hAGO2-⌬N499) also failed to localize hUPF1 into P bodies (Fig. 5) . These results suggest that hUPF1 localization in P bodies may, at least in part, be dependent on AGO proteins. Given that the localization required AGO overexpression (Fig. 5) although the effect on changes in mRNA did not require AGO overexpression ( Fig. 1 to 3) , it is unclear at this point whether the observed P bodies are functional sites where RNA silencing takes place. Because P bodies are known to dynamically change in size and number depending on the condition, it is plausible that endogenous hUPF1 and AGO may normally function in smaller microscopically invisible P bodies (15) . We next tested which Argonaute proteins are required for miRNA-induced mRNA degradation. We introduced siAGO1, siAGO2, siAGO3, or siAGO4 together with the miR-124a duplex into HeLa cells (see Fig. S4A in the supplemental material). When hAGO1 and hAGO2 were depleted, the miR124a target mRNAs were stabilized, indicating that hAGO1 and hAGO2 may be involved in miRNA-induced mRNA decay. On the other hand, knockdown of hAGO3 and hAGO4 did not significantly affect target repression, although these RNAi data do not exclude the possibility that hAGO3 and hAGO4 are significant in other conditions and cell types. When hAGO1 and hAGO2 were depleted by RNAi, expression of an miR-124a reporter that contains the IQGAP1 3Ј UTR was also derepressed (see Fig. S4C in the supplemental material). This result provides further evidence that hAGO1 and hAGO2 are mainly responsible for small RNA-induced mRNA decay, at least in HeLa cells.
hUPF1 may assist RISC to bind to the target mRNA and accelerate mRNA degradation. We postulated and tested several possible mechanisms for the action of hUPF1 (see Fig. 7 for the model). First, it is conceivable that hUPF1 may be involved in miRNA biogenesis. To test this possibility, we mea- sured miRNA levels in cells depleted of hUPF1 (Fig. 6A ), but we did not detect significant changes in the levels of let-7a and miR-222. It was also noted that the small RNA duplexes used for our initial experiments were mimics of Dicer products ( Fig.  1 and 2) . Therefore, our results indicate that hUPF1 is unlikely to affect miRNA processing, and it may act downstream of miRNA processing. Second, we tested the possibility that hUPF1 may upregulate the levels of RISC components, which would indirectly influence RNA silencing (Fig. 6B) . Depletion of hUPF1 using two different siRNAs did not alter the levels of hAGO2, hDicer, and TRBP, as examined by Western blotting (Fig. 6B) , excluding the possibility that hUPF1 changes the levels of the RISC components.
We then asked if hUPF1 regulates the interactions between RISC components. A plasmid expressing Flag-hAGO2 was cotransfected with siUPF1 or siGFP into HeLa cells (Fig. 6C ). Flag-hAGO2 was then immunoprecipitated, and the associated proteins were visualized by Western blotting. The binding of hAGO2 to hDicer, TRBP, or GW182 was not affected by depletion of hUPF1 (Fig. 6C, lanes 8 and 9) . Comparable results were obtained when hAGO1 was used instead of hAGO2 (see Fig. S5 in the supplemental material). Therefore, it is unlikely that the interactions between RISC components are affected by the depletion of hUPF1.
To further understand the action mechanisms of hUPF1, we next determined the levels of mRNAs bound to hAGO2. It was recently reported that the Hmga2 mRNA, the target of let-7, is enriched in the hAGO2 complex in HeLa cells (71) . Consistent with this report, more Hmga2 mRNA was precipitated with a monoclonal antibody against hAGO2 (4G8) than with the control antibody (SP2/0), while similar levels of GAPDH mRNA were immunoprecipitated with both antibodies (see Fig. S6 in the supplemental material). We depleted hUPF1 in HeLa cells by RNAi, immunoprecipitated the hAGO2 complex using antihAGO2 antibody, and measured the mRNA levels by qRT-PCR. When hUPF1 was knocked down, less Hmga2 mRNA was associated with hAGO2 compared to the control (Fig.  6D ). This result suggests that hUPF1 increases the binding of hAGO2 to the miRNA targets. Because it is plausible that hUPF1 may act at a downstream process(es) as well, we examined whether hUPF1 is required for the downstream decay step. For this, we overexpressed either wild-type hUPF1 or the R844C helicase mutant and determined the hAGO2-associated mRNA. If the helicase activity of hUPF1 functions only at the mRNA binding step, not at the mRNA decay step, it is expected that less mRNA would be bound to hAGO2 when the R844C mutant is expressed because this mutant was shown to be inactive in silencing (Fig.  3C) . However, our data show that more Hmga2 mRNA remains associated with the hAGO2 complex in the presence of R844C mutant than in the presence of the wild type (Fig. 6E) , suggesting that the RISC-bound mRNA accumulates without getting degraded if the helicase activity of hUPF1 is not provided. Northern blotting of the hAGO2-bound RNA showed that comparable amounts of let-7a were associated with hAGO2 in the presence of R844C mutant and the wild type, indicating that hUPF1 helicase activity is not required for the interaction between hAGO2 and miRNA (Fig. 6E) . Thus, hUPF1 may act at the mRNA decay step as well as the mRNA binding step. The helicase activity of hUPF1 may be required at the decay step.
DISCUSSION
Our study suggests a novel role for hUPF1 in modulating RNA silencing in humans. The precise mechanism of action remains to be determined. And we cannot fully rule out the possibility that hUPF1 acts indirectly by regulating some unknown factor that is involved in RNA silencing. However, the simplest way of interpreting our data is that hUPF1 is recruited to RISC after miRNA processing and RISC assembly (Fig. 7 shows a model). hUPF1 then helps RISC to bind to the target mRNA and brings in nucleases to induce mRNA decay. Because hUPF1 is known to interact with the DCP1/DCP2 complex, exosome, and deadenylation factors in Saccharomyces cerevisiae and humans (25, 44, 50, 54) , it is conceivable that hUPF1 may mediate the interaction between the RISC and mRNA decay factors. We can also speculate that hUPF1 remodels the messenger ribonucleoprotein complex (mRNP) via its ATP-dependent RNA helicase domain to facilitate the recruitment of RISC and mRNA decay factors. Alternatively, but not mutually exclusively, it is plausible that hUPF1 may act through aberrant translation. In support of this, hUPF1 was reported to interfere with efficient termination (33) , and miRNAs are known to inhibit protein synthesis from polysome-associated mRNAs at a postinitiation step(s) (56, 58) . These hypotheses remain to be tested.
Hock and colleagues recently showed that hAGO1 and hAGO2 form three distinct mRNPs (complexes I to III) and that hUPF1 is associated with the largest complex (complex III) (26) . It will be of interest to find out whether hAGO2 directly recruits hUPF1 or indirectly associates with hUPF1 through an as yet unknown molecular link(s).
Although UPF1 is best known as a central effector of NMD, previous studies have revealed additional functions of UPF1 outside the NMD pathway (28, 37) . Staufen, which binds to specific sites in the 3Ј UTRs of certain mRNAs, interacts with hUPF1 to recruit decay factors and induces specific degradation of a Staufen-binding transcript (37, 38) . Furthermore, hUPF1 and the protein kinase ATR are involved in the deg- radation of replication-dependent histone mRNAs at the end of S phase through an unknown mechanism (35) . In nematodes, SMG2, the UPF1 homologue, is required for the maintenance of double-stranded RNA-induced RNAi (13) , although the mechanism underlying this phenomenon remains obscure. Knockdown of the fly UPF1 homolog did not affect miRNA-dependent suppression of reporter genes in Drosophila S2 cells (61) . In Arabidopsis thaliana, gene silencing by an inverted repeat transgene is impaired in upf1 mutants, suggesting a role for UPF1 in RNA silencing in plants (1) . Plant The levels of Dicer, hAGO2, and TRBP proteins are not affected by hUPF1 knockdown. GAPDH or alpha-tubulin was used as the loading control. ␣, anti. (C) IP followed by Western blotting shows that the interactions between RISC components are not affected by knockdown of hUPF1. HeLa cells were cotransfected with Flag-tagged hAGO2 plasmids and siUPF1 or siGFP. IP was carried out using anti-Flag antibody in the presence of RNase A. (D) Knockdown of hUPF1 reduces the Hmga2 mRNA associated with hAGO2. hUpf1 depleted-HeLa cells were lysed and used for IP with antibody against hAGO2. Coprecipitated mRNA was extracted and quantified by qRT-PCR. The Hmga2 mRNA levels were normalized against the GAPDH mRNA levels in the same sample. The IP efficiency was then calculated by dividing the normalized Hmga2 mRNA level from IP by that for the input (n ϭ 2; means Ϯ SD). (E) qRT-PCR shows that overexpression of mutant hUPF1 (R844C) increases the level of hAGO2-associated Hmga2 mRNA, compared to overexpression of wild-type hUPF1 (WT). A Flag-tagged wild-type hUPF1 (WT) or mutant hUPF1 expression plasmid was transfected into HeLa cells. The cells were lysed and used for IP with antibody against hAGO2. IP efficiency was calculated as for panel D (n ϭ 2; means Ϯ SD). Northern blotting of miRNA (right) shows that hAGO2-associated let-7 miRNA was not affected by overexpression of mutant hUPF1 compared to overexpression of the wild type. miRNA targets usually have nearly perfect matches to miRNAs and they were unaffected in this study (1) , suggesting that plant UPF1 may not be required for the miRNA pathway but may instead participate in another small RNA pathway(s). Taken together, these results imply functional divergence of UPF1 homologues among eukaryotic organisms. In fact, UPF1 null yeast and nematode mutants are viable (27, 43) , whereas the knockout of upf1 in mice is lethal (52) . It is currently unclear whether these seemingly unrelated observations can be explained by a unified mechanistic model. But what becomes increasingly clear is that hUPF1 interacts with multiple RNAs and proteins and thereby acts as a central player in diverse mRNA decay processes. We find that hUPF1 is required for efficient silencing of siRNA off-targets while it is not important for suppression of on-targets. This result demonstrates that target mRNA decay and endonucleolytic cleavage are two separate processes that involve distinct sets of protein factors. hUPF1 is a factor that is specifically involved in the decay of the off-target transcripts and the natural targets of endogenous miRNAs. The off-target effect is a major hurdle in RNAi application because it compromises the specificity of RNAi. Many off-target effects in RNAi experiments are due to siRNAs acting like miRNAs on unintended targets (7). Our current finding may provide a basis for further studies to overcome off-target effects.
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